) and/or Le y antigen. We have shown previously that H. pylori LPS displays phase variation whereby an Le x -positive strain yields variants with different LPS serotypes, for example, Le x plus Le y or nonfucosylated polylactosamine. H. pylori has two ␣3-fucosyltransferase genes that both contain poly(C) tracts. We now demonstrate that these tracts can shorten or lengthen randomly, which results in reversible frameshifting and inactivation of the gene products. We provide genetic and serological evidence that this mechanism causes H. pylori LPS phase variation and demonstrate that the on or off status of ␣3-fucosyltransferase genes determines the LPS serotypes of phase variants and clinical isolates. The role of the ␣3-fucosyltransferase gene products in determining the LPS serotype was confirmed by structural-chemical analysis of ␣3-fucosyltransferase knockout mutants. The data also show that the two ␣3-fucosyltransferase genes code for enzymes with different fine specificities, and we propose the names futA and futB to designate the orthologs of the H. pylori 26695 ␣3-fucosyltransferase genes HP0379 and HP0651, respectively. The data also show that the ␣3-fucosylation in H. pylori precedes ␣3-fucosyltransferase, an order of events opposite to that which prevails in mammals. Finally, the data provide an understanding at the molecular level of the mechanisms underlying LPS diversity in H. pylori, which may play an important role in adaptation to the host.
Helicobacter pylori causes lifelong infection in humans and is involved in diverse diseases: gastritis, gastric and duodenal ulcer, gastric adenocarcinoma, and mucosa-associated lymphoid tissue lymphoma (16) . Through which mechanism(s) H. pylori is able to persist chronically is not known, but possibly molecular mimicry plays a role (2, 3) . In mimicry of the host, H. pylori lipopolysaccharide (LPS) expresses Lewis blood group antigens (Fig. 1 ). Polymeric Lewis x (Le x ), Le y , or both (5, 6) are expressed most often, but Le a , H type 1, and the i antigen can also be present (21) . The expression of Lewis antigens appears to be a highly conserved feature, and only a few strains lack these epitopes (29) ; this is striking because genetically H. pylori is very diverse (17) . This conservation might be related to the restricted ecological niche of H. pylori: the human stomach. Gastric mucosal epithelial cells also express Lewis antigens. Molecular mimicry (2, 3) might mediate evasion by the microorganism of host immune attack and allow colonization to persist. A similar mimicry is seen in the ferret, where both Helicobacter mustelae and the host express blood group A (22, 25) . Thus, Helicobacter seems capable of expressing an LPS serotype similar and adapted to that of the host. Data supporting this concept were obtained from both human studies (38) and experimental infection studies where, depending on the Lewis phenotype of the host, the infecting H. pylori strain expressed mainly Le x or mainly Le y (39) . These data suggest that H. pylori LPS Lewis antigen expression may change, depending on the host. The mechanisms responsible for these phenotypical changes were the subject of this study.
Previously we have shown that H. pylori LPS displays phase variation (4) . This is the occurrence of spontaneous, highfrequency (up to 0.5%), reversible on-off switching of LPS epitopes. Bacterial cells of the parent strain NCTC 11637 that express Le x can yield phase variants (variant K4.1) that express the nonfucosylated i antigen; back switches from K4.1 to the ␣3-fucosylated parent phenotype are also observed. Other variants strongly express both Le x and Le y (variant 1c) or related epitopes (4) .
Phase variation in the LPSs of Neisseria spp. (40) and Haemophilus influenzae (27) is well documented and is caused by reversible on-off switching of LPS biosynthesis genes. On-off switching occurs during replication due to a strand slip mechanism which changes the length of polynucleotide repeats, for example, of G tracts present in certain glycosyltransferase genes of Neisseria spp. (40) . Changes in these polynucleotide tracts introduce translational frameshifts, leading to the production of inactive truncated gene products, i.e., the gene is switched off. Subsequent changes during replication may switch the gene back on by restoring the reading frame and restoring production of an active gene product. The consequence is a variable LPS phenotype. There is evidence which suggests that the LPS phase variation in Neisseria spp. plays an adaptive role and generates microorganisms that either adhere better to host cells or are more resistant to being killed by complement (34) . Phase variation in H. pylori LPS causes considerable changes in Lewis antigen expression and might be responsible for the changes in Lewis antigen expression observed in vivo (39) . The molecular mechanisms of H. pylori LPS phase variation are unknown.
H. pylori requires a series of enzymes to synthesize LPS O antigen containing an Le x polymer plus an Le y terminus: ␣3-and ␣2-fucosyltransferases that link fucose to C-3 of N-acetylglucosamine (GlcNAc) and C-2 of galactose (Gal), respectively; GlcNAc transferases (GlcNAcT) and Gal transferases (GalT) that form the main polylactosamine O chain are also required. Two H. pylori ␣3-fucosyltransferase genes (HP0379 and HP0651 in strain 26695; JHP 1002 and 596 in strain J99) have been identified, cloned, and expressed (1, 13, 18, 31 ). An ␣2-fucosyltransferase gene (HP0093/94 in strain 26695; JHP 86 in strain J99) was also identified and characterized (7, 28, 35) . These genes contain poly(C) tracts: in strain 26695, both ␣3-fucosyltransferase genes contain C13 tracts, while the ␣2-fucosyltransferase gene contains a C14 tract (31) . C tracts are also found in the homologous genes in strain J99 (1) . Another feature of ␣3-fucosyltransferase genes is the presence of oligonucleotide repeats at the 3Ј end. We hypothesized that the LPS phase variation in H. pylori is caused by (reversible) inactivation of glycosyltransferases through translational frameshifts due to the presence of these C tracts.
In the present paper, we provide evidence that length changes in the poly(C) tracts of ␣3-fucosyltransferase genes indeed lead to phase variation in the LPS of H. pylori. The on or off status of the two ␣3-fucosyltransferase genes determined the LPS serotypes of selected phase variants and clinical isolates. The data show that the two ␣3-fucosyltransferase gene products have different specificities and, by analogizing with the nomenclature for eukaryotic fucosyltransferases (8a), we propose the names futA and futB to designate the orthologs of the H. pylori 26695 ␣3-fucosyltransferase genes HP0379 and HP0651, respectively. The role of futA and futB gene products was confirmed through the structural-chemical and serological analysis of mutant strains in which one or both ␣3-fucosyltransferase genes were inactivated. Our results provide a molecular basis for an understanding of how H. pylori might adapt to the host.
MATERIALS AND METHODS
Bacterial strains. Strain NCTC 11637 and the LPS phase variants 2b, K4.1, K5.1, and 1c have been described before (4, 5 (1); and strain SS-1 was obtained from A. Lee. Bacteria were grown in brucella broth supplemented with 10% newborn-calf serum as described before (4) .
Monoclonal antibodies and ELISA. The monoclonal antibodies (MAbs) used in this study and their specificities are shown in Table 1 . For enzyme-linked immunosorbent assays (ELISAs), polystyrene 96-well microtiter plates were coated at 7.5 ϫ 10 6 CFU/ml with bacteria washed in phosphate-buffered saline, and the bacteria were tested for reactivity with MAbs (1 g/ml) as described before (4) . In indicated cases, titrations were done with MAbs diluted in serial twofold steps.
Fucosyltransferase assays. ␣3-Fucosyltransferase activity was determined as follows (18, 26) . Bacterial cell extract (12.5 l) was incubated with 20 M GDP-fucose (Sigma), 100,000 cpm of GDP-[ Construction of ␣3-fucosyltransferase knockout mutants. (i) Mutagenesis of cloned H. pylori ␣3-fucosyltransferase genes. The source of the futB gene was clone p15M19, previously isolated from an H. pylori plasmid gene (18) . The plasmid was linearized at the unique BssHII site within the futB gene, blunt ended with Klenow polymerase, and dephosphorylated with shrimp alkaline phosphatase (Amersham-Pharmacia Biotech). A Campylobacter coli chloramphenicol (Cm) resistance marker cassette (36) , excised from a clone in pUC20 with HincII, was ligated to the linearized p15M19, and the resulting plasmid was used to transform Escherichia coli XL1-Blue (Stratagene) to chloramphenicol resistance. The futA gene was amplified from H. pylori 26695 genomic DNA by PCR with primers positioned approximately 1 kb from each end of futA, i.e., HP0379 in the published sequence (5Ј-TTCTAAAGTGGATTCTGAAAT-3Ј and 5Ј-GAGTGGGCGAAAGAGAGATTG-3Ј). The fragment was cloned into pGEM T-easy (Promega). The resulting plasmid, designated pHP0379, was linearized with AccB7I at the unique site within the futA gene, blunt-ended with T4 polymerase plus all four deoxynucleoside triphosphates, and dephosphorylated with shrimp alkaline phosphatase. A C. coli kanamycin (Km) resistance marker (32) was obtained as a 1.4-kb EcoRI fragment from a clone containing the amplified cassette in pGEM. The fragment was blunt ended with Klenow polymerase plus all four deoxynucleoside triphosphates and ligated to the linearized pHP0379, and the resulting plasmid was used to transform E. coli XL1-Blue to kanamycin resistance. Correct insertion of the Cm r marker into pHP0651 and of Km r into pHP0379 was confirmed by restriction mapping and nucleotide sequencing; the resulting plasmids were designated pHP0651::Cm r and pHP0379:: Km r , respectively. (ii) Homologous recombination in H. pylori. futA and futB were inactivated by homologous recombination with the above-mentioned plasmids, which contain disrupted copies of the respective genes, flanked on either side by approximately 1 kb of homologous sequence. DNA was introduced by electroporation. For selection of the transformants, suspensions were spread onto Columbia chocolate agar plates containing 20 g of chloramphenicol/ml (in the case of futB disruptants) or 20 g of kanamycin/ml (for futA disruptants). Single colonies were streaked on fresh antibiotic-containing plates, and transformants were grown. A double-knockout mutant (4187E-KO379/651) was produced by inactivating futB in an established futA-disrupted (Kan r ) strain. Genomic DNA from all transformants was analyzed by PCR and Southern hybridization to confirm that the recombination had occurred at the intended location.
Structural analysis of LPS. Methylation linkage analysis and fast atom bombardment-mass spectrometry (FAB-MS) of purified LPS of strain 4187E and its ␣3-fucosyltransferase knockout mutants was performed. Methylation linkage analysis was carried out by the NaOH-dimethyl sulfoxide-CH 3 I procedure (9) and with characterization of permethylated alditol acetate derivatives by gasliquid chromatography-MS in the electron impact mode. Methylated material was used for positive-ion FAB-MS, which was performed on a Jeol JMS-AX505H mass spectrometer with thioglycerol as the matrix. A 6-kV Xenon beam was used to produce pseudomolecular ions, which were then accelerated to 3 kV, and their mass was analyzed. Product ion scan was performed on metastable ions created in the first free field with a source pressure of 5 ϫ 10 Ϫ5 torr. The interpretation of positive-ion mass spectra of the permethylated LPS derivatives was done as previously described (10) . . The molecular genetic mechanisms underlying the phase variation of NCTC 11637 to variant K4.1 were investigated; K4.1 switches back to K5.1, which has a serotype similar to those of NCTC 11637 and phase variant 2b (Table 2) . NCTC 11637 expresses polymeric Le x , as measured by the strong reactivity with MAb 54.1F6A. MAb 6H3, specific for monomeric Le x , did not react; strain NCTC 11637 also weakly expresses Le y and strongly expresses H type 1. In addition, it reacts weakly with 3C10, a MAb specific for H type 2; no nonfucosylated polylactosamines (i.e., i antigen) could be detected. In contrast, phase variant K4.1 mainly expresses i antigen and H type 1 but does not express Le x or Le y . DNA sequence analysis revealed that in both the parent, NCTC 11637, and the variant K4.1, the poly(C) repeat in futB contains nine C residues (C9) ( Table 2 ). However, the futA genes differ in repeat length: the phase variant has an additional C residue (C11) relative to NCTC 11637 (C10). Predicted translations of both the futA and futB genes reveal that full coding integrity is maintained with a C10 repeat while expansion or reduction by one residue introduces a frameshift which truncates the coding sequence. Thus, NCTC 11637 has one intact ␣3-fucosyltransferase (futA) and expresses Le x and Le y while in the phase variant K4.1 both genes are truncated and ␣3-fucosylated epitopes cannot be produced. The connection between polynucleotide repeat length and Le x/y serotype is further illustrated by a second variant, K5.1, derived from K4.1 itself. The poly(C) repeat lengths of futB and futA in K5.1 were found to be C9 and C10, respectively, i.e., K5.1 represents a reversion to the NCTC 11637 genotype. One would therefore expect K5.1 to show an Le x/y serotype similar to that of NCTC 11637, as indeed was found to be the case (Table 2) . We conclude from these results that phase-variable expression of Le x/y epitopes in NCTC 11637 and variants K4.1 and K5.1 is the result of changes in poly(C) repeat length in futA. It is Table 2 ). In addition, strain 1c reacted with MAb 6H3, specific for monomeric Le x ; the reactivities of variant 1c and strain NCTC 11637 with MAb 3C10 were similar. Sequencing data show that 1c has a C10 repeat in futB while NCTC 11637 has a C9 tract in that gene, implying that both ␣3-fucosyltransferase genes are intact (on) in 1c, whereas in NCTC 11637, only futA is functional. Once again, changes in the ␣3-fucosyltransferase gene status appear to influence the expression of an ␣2-fucosylated epitope; it may be that having both genes switched on in variant 1c increases the availability of terminal Le x , a precursor of Le y (see below). In order to confirm the link between ␣3-fucosyltransferase gene status and serotype and to establish whether futA and futB play completely interchangeable roles in LPS biosynthesis, we wished to compare the serotype of NCTC 11637 (futA on; futB off) with that of its "mirror" variant (futA off; futB on), but no such variant was found. We therefore constructed mutant strains in which one or both genes were permanently inactivated.
RESULTS
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␣3-Fucosyltransferase knockout mutants. The role of futA and futB in LPS biosynthesis was studied in greater detail by insertional mutagenesis. Since our interests lay in the potential role of ␣3-fucosylation in H. pylori infection, this work was conducted with a strain (4187E) previously validated in a mouse model of H. pylori colonization (19) . 4187E has a C10 repeat in both ␣3-fucosyltransferase genes ( Table 2 ). Sequence analysis confirmed that, accordingly, both reading frames are intact (data not shown); both genes are on. Isogenic ␣3-fucosyltransferase mutant strains were constructed by introducing kanamycin or chloramphenicol resistance markers into futA or futB as described in Materials and Methods. A double mutant with both ␣3-fucosyltransferase genes disrupted was also constructed. Correct insertion of the resistance cassette into the intended target gene was confirmed by Southern hybridization and PCR analysis. Since the two ␣3-fucosyltransferase genes have a high degree of sequence similarity, primers specific to flanking genes were used in conjunction with resistance cassette and ␣3-fucosyltransferase primers to ensure that only the intended gene had been disrupted.
In ELISA, strain 4187E behaved almost identically to strain 1c, which also has both ␣3-fucosyltransferase genes on. It showed strong monomeric and polymeric Le x expression, and it also strongly expressed Le y ; no reaction with the H type 2 MAb was observed in 4187E or in its knockout mutants; this is striking, since H type 2 equals Le y minus ␣3-fucose. A mutant strain in which futB had been disrupted (4187E-KO651) showed an altered serological phenotype with greatly reduced Le y expression and increased reactivity to H type 1. Reactivity to the monomeric (terminal) Le x antibody 6H3 is reduced in 4187E-KO651, but titrations with MAb 54.1F6A revealed a 128-fold increase in polymeric Le x expression. As can be seen from Table 2 , the overall ELISA profile of 4187E-KO651 is very similar to that of NCTC 11637, in which futB is switched off (see above).
Compared to the disruption of gene futB, inactivation of gene futA had different effects: no change in Le y or H type 1 expression was observed in the knockout (4187E-KO379), while reactivity with 54.1F6A strongly decreased and a modest reactivity with the anti-i MAb was detected. We infer that the two ␣3-fucosyltransferase enzymes have different fine specificities, which justifies the use of distinct gene names (futA and futB).
Inactivation of both ␣3-fucosyltransferase genes (strain 4187E-KO379/651) completely abolished Le x and Le y , while a strong expression of the i antigen and H type 1 was observed; this serotype was similar to that of NCTC 11637 variant K4.1, which has both ␣3-fucosyltransferase genes switched off. The increased i-antigen expression is easily understood as an unmasking of the Le x/y lactosamine scaffold in the absence of ␣3-fucosylation.
The increase in H type 1 expression seen in K4.1 and 4187E-KO379/651 is more difficult to explain but may reflect increased ␣2-fucosylation of type 1 (Gal␤1-3GlcNAc) structures in the absence of competing Le x -type acceptors. ␣3-Fucosyltransferase gene C-tract measurements and Lewis antigen expression in other strains. Chemical structural analysis of strain J-223 has revealed that it carries H type 1 and i-antigen structures in its LPS (21) . When tested in our ELISA system, J-223 reacted only with MAbs specific for H type 1 and i antigen, towards which a strong reaction was observed. The serotype of J-223 is thus identical to that of K4.1 and 4187E-KO379/651. We anticipated that J-223 was therefore likely to have both futA and futB switched off; this was confirmed by sequence analysis (not shown). Structural, serological, and sequence data for J-223 thus support the hypothesis that C repeat length in the ␣3-fucosyltransferase genes futA and futB determines Le x/y expression. The role of an active futB gene product in determining a strong Le y expression was further investigated in strains N6, SS-1, 26695, P466, and J99. These strains all strongly expressed Le y together with Le x , as shown in ELISA; sequence analysis of futB demonstrated that it was on in all strains (not shown).
␣3-Fucosyltransferase enzyme activity in 4187E ␣3-fucosyltransferase double-knockout mutant strain. We used N-acetyllactosamine, a good acceptor for H. pylori ␣3-fucosyltransferase enzyme activity, to measure this activity in sonicates of strain 4187E-KO379/651. No such activity could be detected.
Structural information about LPS of strain 4187E and its knockouts. The expression of Lewis blood group antigens in the LPS of strain 4187E and its ␣3-fucosyltransferase knockout mutants was also investigated by chemical methods. The structure of the O-chain region was investigated by FAB-MS analysis of the methylated intact LPS (21 (21) .
DISCUSSION
In this paper we provide evidence that phase variation in the LPS of H. pylori takes place through changes in the length of poly(C) repeats of the ␣3-fucosyltransferase genes futA and futB. Our data suggest that the LPS serotypes of phase variants and clinical isolates are determined, at least in part, by the on or off status of ␣3-fucosyltransferase genes. Other genes play a role in LPS biosynthesis: previously we have shown that GlcNAcT activity determines the serotypes of several phase variants (4), and for expression of Le y (35) or H type 1 antigens, ␣2-fucosyltransferase enzyme activity is required. The data also show that the genes futA and futB code for ␣3-fucosyltransferase enzymes with different specificities. The phenotypes and genotypes of LPS phase variants and ␣3-fucosyltransferase knockouts (Table 2 ) reveal that only strains with an intact futB reading frame contain terminal mono-and oligomeric Le x . We infer from this that the futB gene product efficiently fucosylates lactosamine at the residues at the nonreducing terminus of the O-antigen chain and fucosylates internal units less efficiently. The presence of terminal Le x is required for ␣2-fucosylation in H. pylori, and hence strains that have an active futB gene also strongly express Le y . Titration with MAb 54.1F6A, which reacts with polymeric Le x , revealed that disruption of futA caused a significant decrease (64-fold) in polymeric Le x expression. It would therefore appear that the futA gene product has an acceptor preference which is complementary to that of the futB gene product: it preferentially fucosylates internal lactosamines. The resulting nonterminal polymeric Le x structures do not provide a precursor for Le y synthesis; this is consistent with the low expression of Le y by strains which have only the futA gene intact. Similar fine specificities have been described for mammalian enzymes (11, 14) . The differences between the two H. pylori ␣3-fucosyltransferase enzymes may be related to the different numbers of terminal leucine zipper-like repeats in these genes ( Table  2) . Experiments with chimeric ␣3-fucosyltransferase gene constructs could be used to explore this. Strikingly, inactivation of the futB gene product, either by insertional mutagenesis or by phase variation, leads to a strongly increased H type 1 expression (Table 2 ). This may reflect competition between different ␣2-fucosyltransferase receptors. We infer that the Le x terminus, synthesized by the futB gene product, is such a good acceptor for the ␣2-fucosyltransferase enzyme that it effectively competes with the Gal␤133GlcNAc acceptor termini, hampering H type 1 synthesis. This competition disappears on inactivation of the futB gene product, when Le y is formed inefficiently and more H type 1 can be formed. These data suggest that the same ␣2-fucosyltransferase links fucose to both type 2 (Le x ) and type 1 (Gal␤13 3GlcNAc) acceptors. futC (HP093/94 and orthologs) codes for this ␣2-fucosyltransferase enzyme (35) .
The lack of H type 2 structures in the 4187E ␣3-fucosyltransferase double-knockout strain 4187E-KO379/651 and in strains J223 and K4.1 demonstrates that ␣2-fucosylation of the i chain does not take place efficiently in H. pylori. We infer that the final step of Le y biosynthesis in H. pylori is the ␣2-fucosylation of an Le x terminus. This is consistent with the reported negligible activity of the futB gene product with Fuc␣132Gal␤13 4Glc, a good acceptor for human ␣3-fucosyltransferase (12, 18) . For the synthesis of Le y in mammals, the prescribed order of fucosylation is the opposite of what is observed in H. pylori, i.e., first ␣2-fucosylation, which is a prerequisite for addition of ␣3-fucose (37) . From the presence of the H type 1 epitope in NCTC 11637, K4.1, and J-223, we conclude that the futC gene product is able to link fucose to C-2 of ␤133-linked Gal.
The serological data on LPS of strain 4187E are confirmed by the chemical-structural information. The small amounts of 2-substituted Gal and terminal fucose, detected chemically in LPS of strain 4187E-KO651, are in agreement with the weak Le y expression detected by serology. The small amount of terminal Gal compared to the amount of 2-substituted Gal detected by structural means in LPS of strain 4187E-KO379 is in agreement with the decreased Le x expression detected by serology. Both by serology and by means of structural analysis, H type 1 and i antigen, but no Le x or Le y , were found in the double knockout mutant 4187E-KO370/651; the same applies to strain J-223, in which both futA and futB are also off.
The biological role of H. pylori LPS phase variation is still unsettled. Data from experimental-infection studies of monkeys clearly suggest an adaptive role (39) . Four monkeys were colonized with the same strain. Bacteria of that strain isolated from animals that expressed Le y in their gastric mucosa also strongly expressed Le y in their LPS; bacteria isolated from monkeys that expressed Le x also strongly expressed Le x . These data suggest that the Lewis phenotype of the pathogen can vary and can adapt to that of the host. Whether this is also the case in humans is controversial: one study reported a relationship between the Lewis phenotype of the host and that of the colonizing strain of H. pylori (38) ; this was not confirmed in another study (30) . A related question is whether the expression of Lewis antigens by H. pylori per se has any relevance to infection and disease. We are currently studying whether the Le x/y -deficient mutant strain 4187E-KO379/651 is as able to colonize mice as its parent strain.
